Objectives: Conventional spinal cord stimulation (SCS) delivers a fixed-input of energy into the dorsal column. Physiologic effects such as heartbeat, respiration, spinal cord movement, and history of stimulation can cause both the perceived intensity and recruitment of stimulation to increase or decrease, with clinical consequences. A new SCS system controls stimulation dose by measuring the recruitment of fibers in the dorsal column and by using the amplitude of the evoked compound action potentials (ECAPs) to maintain stimulation within an individualized therapeutic range. Safety and efficacy of this closed-loop system was evaluated through six-month postimplantation. Results: Fifty-one subjects underwent a trial procedure; permanent implants were placed in 36 subjects. The proportion of subjects with 50% relief was 92.6% (back) and 91.3% (leg) at three months, and 85.7% (back) and 82.6% (leg) at six months. The proportion with 80% pain relief was 70.4% (back) and 56.5% (leg) at three months, and 64.3% (back) and 60.9% (leg) at six months. Statistically significant improvements in mean BPI, EQ-5D-5L, ODI, and PSQI were also observed at both time points.
INTRODUCTION
Spinal cord stimulation (SCS) has been used to provide relief from chronic pain for 50 years. Despite advances in the technology, reported success rates for traditional SCS have not improved significantly over the years (1) and the failure rate of SCS due to loss of efficacy in patients initially responsive to SCS remains at approximately 10.1-13.7% (2, 3) . Although there is recent evidence of improved pain reduction with newer stimulation paradigms (e.g., highfrequency, burst, and dorsal root ganglion [DRG] stimulation), little is still known about their mechanism(s) of action. The gate control theory (4) is used to explain much of what is currently understood, but that framework is not sufficient in isolation to describe all of the phenomena associated with SCS-induced pain relief, including paresthesia-free paradigms and the phenomenon of residual pain relief after cessation of stimulation (1) .
Regardless of the stimulation paradigm, all currently-available SCS therapies have two common features: 1) they use a fixed-input configuration (i.e., constant waveform as defined by continuous and unchanging amplitude, pulse width, frequency, burst setting) in which input is delivered to the neural target without sensing or automatically adjusting to the nerve fibers' response to stimulation (also called open-loop stimulation); and 2) they impact the electrophysiological response of targeted neurons and such changes can be detected with carefully designed experiments and action potential recordings (5) . Several studies have been conducted to understand the neurophysiology of SCS (see reviews in Refs. 1, 6) . When a sensory fiber is activated by a single stimulus of sufficient strength, it produces a single fiber action potential. The sum of single fiber action potentials responding to stimulation is an evoked compound action potential (ECAP). The ECAP amplitude grows as the stimulation current is increased and more fibers are recruited. ECAPs provide a directly quantifiable measure of the response of nerve fibers to stimulation, they can reveal a great deal about the neurophysiology and neuroanatomy of these fibers as well as potentially the pain relief experienced by SCS patients (Parker JL, Obradovic M, Shariati N et al. Evoked compound action potentials [ECAPs] reveal spinal cord dorsal column neuroanatomy. Neuroanatomy, Submitted for publication February 2017) (7) .
In open-loop conventional SCS systems, patients manually adjust stimulation current to maintain coverage and to minimize over-and under-stimulation that occurs during posture changes. Specifically, postural movements change the distance between the stimulating electrodes and the dorsal column (8) . Even small movements caused by breathing or the heartbeat result in changes in neural recruitment (9) . With decreased distance between the spinal cord and the electrode comes an increase in the volume of tissue stimulated. This volume of tissue will contain a mix of fibers with varied excitability, including low threshold mechanosensory fibers, higher threshold Ab nociceptors, and Ad fibers. Higher threshold fibers are recruited as the lead moves closer to the dorsal columns and perceived as overstimulation with side effects including uncomfortably strong paresthesia, paresthesia in unwanted areas, or muscle activation and/or cramping. Conversely, movements that increase the separation (distance) between the leads and the spinal cord may be perceived as insufficient stimulation with reduced pain relief. The result is that patients often decrease stimulation amplitude to avoid painful stimulation at the expense of optimized pain relief. Closed-loop SCS aims to avoids these issues by automatically adjusting stimulation input (current) to achieve constant neural recruitment.
A closed-loop SCS system has been developed and uses measured ECAPs as a feedback control mechanism to automatically maintain desired dorsal column fiber recruitment levels. The ECAP amplitude is compared to a set point (i.e., a comfortable patientdetermined target level that provides optimal pain relief) in a feedback algorithm, and calculates a new stimulus amplitude by changing the input current (Fig. 1 ). This process is repeated for every stimulus, with the net result being continuously adjusted current that maintains a constant ECAP amplitude. Experience with animal models and human subjects to date has established the feasibility of using ECAP measurements for feedback control in SCS (10, 11) . Clinical evidence has demonstrated that closed-loop SCS provides an improved experience in a temporary setting over fixed-input systems (12, 13) . For the patient, this means that the level of dorsal column recruitment (defined as the dose of stimulation) is better maintained within the therapeutic window or usage range-the range between their perception and discomfort thresholds (the threshold at which stimulation recruits the dorsal roots or Ab nociceptors) (14) (15) (16) . Most importantly, this feedback mechanism potentially allows the precision necessary to stimulate the low back without painful stimulation of the thoracic dorsal root entry zone. Thus, dose control is obtained using a novel waveform in which the ECAP recorded from the immediately preceding pulse informs the amplitude of the input current, which adjusts on every pulse, in realtime. The safety and performance of the closed-loop SCS system was evaluated in this prospective, multi-center, single-arm study.
METHODS

Subjects
Subjects were recruited from five clinical sites in Australia from August 2015 to September 2016 and gave their written informed consent. To be enrolled in the study, subjects had to be 18 or older; diagnosed with chronic pain of the back and/or legs that was refractory to conservative therapy for at least three months; and have had stable prescription pain medication dosage(s) for at least one month. Enrolled subjects experienced failed back surgery, radiculopathy, or other diagnoses including discogenic back pain/internal disc disruption, lumbar spondylosis, neuropathic pain, sciatica and gluteal tendinopathy, and possible lumbar spine defect.
Subjects were excluded if they had a contraindication to SCS; a medical, psychiatric, or social condition that was likely to interfere with study conduct or to confound data interpretation; addiction; or were pregnant or nursing. Subjects were also excluded if they were participating in another clinical study or involved in litigation regarding their pain condition.
Study Design and Data Collection
The Avalon Study was a prospective, multi-center, single-arm study. Study design and procedures aligned with international ethical and regulatory guidelines and were approved by local ethics committees prior to subject enrolment. The protocol was publicly registered as ACTRN12615000713594.
Baseline assessments included ratings of pain (100-mm visual analogue scale [VAS]) (17) (20) , and quality of life (EuroQol instrument [EQ-5D-5L]) (21) . Subjects were asked to rate their pain intensity for their pain specific to the back and legs, and for overall pain. Adverse events were assessed throughout the study.
Assessments were repeated at the end of the trial period and at one, three, and six months postimplantation. At the time of writing, 31 subjects had completed the three-month visit and 32 subjects had completed their six-month follow-up visit.
Device and Implantation
The Evoke SCS system (Saluda Medical, Sydney, Australia) consists of a closed-loop rechargeable implantable pulse generator (closed loop stimulator [CLS] ) and two 12-contact percutaneous leads with 7-mm contact-to-contact spacing. An external pulse generator (external closed loop stimulator [eCLS] ) is used during the trial period.
Subjects were implanted with 12-contact trial leads in the epidural space over the dorsal column at the thoracic vertebral level associated with pain. Subjects used the external stimulator for up to 10 days (average seven days) to evaluate its effect. If deemed successful (40% reduction in either baseline back, leg, or overall pain), subjects were given the option to receive a fully-implanted system. Programming was completed shortly thereafter and the subject was trained in using their remote control and charging system.
Evoke is the only SCS system with an integrated feedback control system. The recording electrode for measuring the ECAP can be any electrode not used for stimulation on either lead. Further, either or both leads may be used for stimulation. The ECAP elicited by the therapy pulses is sensed and the electrical signal is sampled and processed by the stimulator to measure the ECAP amplitude. For each patient, initial programming involves first optimizing the stimulation location by identifying appropriate electrodes, and then identifying the ECAP amplitude that delivers preferred pain coverage. Coverage of the painful area with paresthesia is not necessary for pain relief.
The range between a patient's perception of sensation at any location, and discomfort at any location is considered the therapeutic window for the desired operating amplitude. Perception of sensation varied from patient to patient, with some patients not conscious of stimulation. The device captures and stores ECAP amplitude data and these data can be analyzed to determine the percentage of time that stimulation was delivered within a patient's therapeutic window.
Data Management and Analysis
Throughout the study, data were captured on forms and were processed according to standard data management procedures. Periodic monitoring by an independent clinical research organization ensured data quality.
Questionnaire instruments were analyzed consistent with their validated methodology. Summary statistics were calculated as appropriate, including means, medians, standard errors of the mean and proportions, VAS data were presented as raw scores, percentage change from baseline, responders (50% pain relief), and profoundresponders (80% pain relief). Subjects who reported significant (60 mm) back pain at baseline, without significant (>60 mm) leg or foot pain, were analyzed as a separate "primary back pain" cohort. Hypothesis testing that the mean change from baseline was significantly different from 0 using paired t-tests and an alpha of 0.05 was performed in Minitab, Version 17 (Minitab, Inc., State College, PA, USA).
Efficacy outcome data were presented for the permanently implanted subjects only; safety data were presented for all enrolled subjects.
RESULTS
Subjects, Demographics, and Baseline Characteristics
A total of 51 subjects underwent a trial procedure. Of these, 49 (96.1%) completed the end-of-trial assessments and were evaluable. Forty-four (89.8%) of the 49 subjects with assessment data had a successful trial (40% reduction from baseline VAS rating) and 36 elected to move forward to implant (see Fig. 2 ).
Demographics and baseline characteristics of the cohort of subjects who underwent a trial procedure are presented in subjects had persistent or recurrent pain following spinal surgery, and the majority of subjects reported the low back as the site of their most significant pain. Three subjects had used SCS previously.
Pain Relief Outcomes
Across all subjects, mean rating of back pain was 80.9 mm (6 1.8) at baseline. Back pain was reduced to 17.4 mm (6 3.3) after three months of treatment, a statistically significant mean reduction of 64.1 mm (6 3.5, p < 0.0001) and a mean percent reduction of 78.9% (6 3.9) . After six months of treatment, back pain rating was reduced by 64.1 mm (6 3.6, p < 0.0001) and a mean percent reduction of 80.1% (6 4.3) . At three months, the proportion of subjects who were back pain responders was 92.6%, and 70.4% of subjects were profound-responders (80% pain relief). At six months, 85.7% of patients were back pain responders, with 64.3% being classified as profound-responders. Individual subject responses for back pain at three and six months are shown in Fig. 3 .
Mean ratings of leg pain were 76.3 mm (6 2.2) at baseline. Leg pain was reduced to 16.8 mm (6 3.8) after three months of treatment, a statistically significant mean reduction of 60.1 mm (6 4.4, p < 0.0001) and a mean percent reduction of 78.0% (6 4.9). After six months of treatment, leg pain rating was reduced by 59.6 mm (6 4.9, p < 0.0001) and a mean percent reduction of 77.4% (6 5.8) . The proportion of subjects who were leg pain responders at three months was 91.3%, and 56.5% of subjects were profoundresponders. At six months, 82.6% of patients were leg pain responders, with 60.9% being classified as profound-responders.
Mean ratings of overall pain were 81.0 mm (6 1.7) at baseline. Overall pain was reduced to 17.0 mm (6 2.8) after three months of treatment, a statistically significant mean reduction of 64.0 mm (6 2.9, p < 0.0001) and a mean percent reduction of 79.3% (6 3.3).
After six months of treatment, overall pain rating was reduced by 64.3 mm (6 3.8, p < 0.0001) and a mean percent reduction of 78.9% (6 4.4). The proportion of subjects who were overall pain responders Mean (SD) 13.6 (11.0) *Other diagnoses: Discogenic back pain/internal disc disruption (n 5 4), lumbar spondylosis (n 5 3), neuropathic pain (n 5 3), sciatica & gluteal tendinopathy (n 5 1), and possible lumbar spine defect (n 5 1). † One subject reported prior history with neuromodulation but did not provide details on exact therapy; this subject is counted as missing for SCS therapy. Figure 2 . Subject progression through the study. Of the subjects receiving >40% pain relief but who were exited, reasons for exit included: One patient opted for back surgery; one patient was withdrawn by the investigator; one patient was unsatisfied with the stimulation as they received 50-60% relief; one patient decided to investigate other treatment options besides SCS; one subject did not like the sensation; 3 subjects had only axial back pain and received unwanted stimulation in legs. at three months was 93.5%, and 54.8% of subjects were profoundresponders. At six months, 87.5% of patients were overall pain responders, with 62.5% being classified as profound responders. Back, leg, and overall pain outcomes are presented in Table 2 and Fig. 4 .
Pain Relief Outcomes for Axial Back Pain Only
For the axial back pain only cohort (back pain without significant leg pain, N 5 9), the mean rating of back pain was 78.2 mm (6 3.2) at baseline. Axial back pain was reduced to 13.4 mm (6 4.3) after three months of treatment and 11.1 mm (6 3.9) after six months of treatment, reductions of 82.9% (6 5.5) and 86.6% (6 4.1), respectively. The proportion of subjects who were responders at both three and six months was 100%, with 85.7% and 62.5% of subjects being classified as profound-responders, respectively.
For the same cohort, mean VAS rating of overall pain was 81.2 mm (6 3.8) at baseline. Primary back pain was reduced to 15.6 mm (6 6.1) after three months of treatment and 10.5 mm (6 3.8) after six months of treatment, reductions of 82.1% (6 6.5) and 87.8% (6 4.2), respectively. The proportion of subjects who were responders at both three and six months was 100%, with 71.4% and 87.5% of subjects being classified as profoundresponders (Table 3 and Fig. 5 ).
Secondary Outcomes BPI, EQ-5D-5L, ODI, and PSQI all showed statistically significant improvements at both three and six months, compared to baseline. Six-month outcomes are described below, and all outcomes can be found in Table 4 and Fig. 5 . The mean BPI severity was 6.7 (6 0.19) at baseline and 2.8 (6 0.37) at six months, a statistically significant mean change of 3.8 (6 0.34 p < 0.0001). The mean BPI interference score was 7.3 (6 0.22) at baseline and 3.0 (6 0.49) at six months, a statistically significant mean change of 4.2 (6 0.46, p < 0.0001). The mean EQ-5D-5L score was 0.422 (6 0.0363) at baseline and 0.714 (6 0.0365) at six months a statistically significant mean change of 0.282 (6 0.0412, p < 0.0001). The mean ODI score was 52.3 (6 2.2) at baseline and 30.4 (6 3.2) at six months, a statistically significant mean change of 21.1 (6 2.7, p < 0.0001). At baseline, 19.5% of subjects rated themselves as minimally or moderately disabled on the ODI; at six months, this proportion increased to 73.3%. The mean PSQI score was 12.5 (6 0.68) at baseline and 8.4 (6 0.88) at six Figure 5 . Proportion of subjects reporting each level of disability on the ODI at baseline, three months, and six months. months, a statistically significant mean change of 4.0 (6 0.8, p < 0.0001). Seventy-one percent (71.0%) of subjects at three months and 62.5% of subjects at three months had a clinically meaningful change in PSQI score (3 point reduction (22)) compared to baseline. After three and six months of treatment, 96.8% and 75.1% of subjects, respectively, rated themselves as "satisfied" or "very satisfied" with their treatment.
CLOSED-LOOP FEEDBACK CONTROL SCS FOR PAIN RELIEF
Closed-Loop Feedback Stimulation
During therapeutic stimulation, ECAPs were captured (Fig. 6 ) and amplitudes were filtered and processed by the stimulator; the amplitude was measured and converted into a single feedback variable, or neural recruitment target measured in uV, which was used as the target to automatically adjust stimulation amplitude in a closedloop feedback system.
For feasibility purposes, device data for 10 subjects at the threemonth follow-up and 15 subjects at the six-month follow-up were retrieved to identify the proportion of time that therapy was delivered within their therapeutic window. Subjects spent a mean of 72.6% (6 34.8) and 83.8% (6 21.4), respectively, of their time with stimulation amplitude in their therapeutic window.
Safety Outcomes
At the time of this report, two (3.9%) serious adverse events (SAEs) related to the study/device were reported. One subject developed a contact allergy to the titanium used in the implanted components, and second subject experienced severe new low back pain during the trial. Both SAEs resolved with treatment and subsequent system explant.
The most commonly occurring complications and side effects were implant site issues (such as irritation, pruritus, seroma, wound dehiscence) (eight events in six subjects; 6/51 [11.8%]), implant site tenderness/pain (6 events in 6 subjects; 6/51 [11.8%]) and lead migration (5 events in 4 subjects; 4/51 [7.8%]). One lead migration occurred during the trial phase. No infections were reported. None of these adverse events (AEs) were determined to be related to the feedback control mechanism (see Table 5 ). AEs were similar in nature and frequency to those seen with traditional SCS systems (23) .
DISCUSSION
This prospective, multi-center, single-arm study intended to characterize safety, pain relief, and associated outcomes with a new SCS system that employs closed-loop feedback control using ECAPs. The study enrolled a cohort of subjects with demographics consistent with the larger population undergoing neuromodulation (24) . Conversion rate from trial to permanent system was also consistent with recent studies of modern SCS waveforms (25) (26) (27) (28) (29) . All subjects in this trial utilized the closed-loop feedback setting in the SCS system. Closed-loop feedback is a unique feature that automatically adjusts stimulation charge input to maintain neural recruitment at the predefined target, thereby delivering therapy that is consistently held within the therapeutic window. The pain relief experienced across this cohort of subjects was extensive: approximately 80% in the back, leg, and overall pain at three and six months. These results, both independently and when viewed in light of other recent SCS studies, suggest that closed-loop SCS is feasible, and this novel therapy has the potential to provide significant pain relief (23, 28) . Responder rates in this study were quite high, with more than 80% of subjects achieving 50% or better pain relief in the back, legs, and overall at six months. When identifying profoundresponders as those receiving 80% pain relief, greater than 60% of subjects were profound-responders (80% pain relief) at six months for back and leg pain, respectively. The choice to define a "profoundresponder" population stems from the findings of the IMMPACT Guidelines (2008) which encourages future research to analyze reduction to lower pain intensity ratings for treatment success (30) . By defining a "profound-responder" as achieving 80% pain relief, it is possible to identify patients who have achieved a level of mild pain (pain score of 1-3) that is "associated with less interference with physical and emotional function than higher ratings" (27) . Given that subjects in this trial are required to have a baseline pain score of at least 6, a reduction from a baseline level of 7.5 to 1.5 (i.e., midpoint of the range from "no pain" to "mild pain" score) corresponds to an 80% reduction. There are other interventional pain medicine publications that establish a threshold level of pain reduction well more than 50%, in response to therapy. Kumar et al. (2008) identified 22% of patients who received SCS therapy achieved 80% pain relief (23) . In the SENZA study, Kapural et al. (31) (2015) defined the population of patients achieving pain scores of 2.5 as remitters. It should be noted, of course, that data from these randomized, controlled trials have noncomparable statistical assumptions. Nevertheless, the outcomes presented herein suggest that closed-loop SCS may be a highly effective intervention.
Another notable feature of the pain outcomes in this study was the similarity of pain relief achieved in the back and the legs: the average reduction at six months was 80.1% for the former and 77.4% for the latter, and in fact, more subjects had 80% pain reduction in the back than did in the legs. It is generally accepted that leg pain is more amenable to SCS treatment than back pain, and thus greater reductions in leg pain are expected (for example, (23)). These outcomes demonstrating that back pain may be equally ameliorated by closed-loop feedback SCS suggest that this technology may allow more complete recruitment of back-specific dorsal column fibers than other systems. In the small subset of subjects with axial back pain only, there was an 86.6% reduction in back pain at six months. Overall, these outcomes are in contrast to the historical findings in the SCS literature, which indicate the difficulty in treating isolated back pain. For example, a multi-center study of highfrequency SCS reported approximately 49% pain relief in the back after six months of treatment (32) .
Patient-reported outcomes of associated symptoms also showed significant improvements. For example, at baseline, 80.6% of subjects reported functional capacity on the ODI consistent with having a severe disability or worse condition. After six months of treatment, this proportion was reduced by two-thirds to 26.7%. Similarly, the pain interference and pain severity (BPI) showed a clinically significant improvement (33) with treatment, and the majority of subjects had a clinically meaningful improvement in sleep as measured by the PSQI (22) . At baseline, mean EQ-5D scores (0.422) were much lower than the Australian population norm of 0.87 (34) . After six months of treatment; however, mean scores had improved to 0.714. Additionally, more than 75% of subjects were satisfied or very satisfied with treatment.
The types and rates of adverse events in this study were within the expected ranges for this intervention and there were no reported AEs related to the closed-loop mechanism of the stimulator itself. tic stimulation, ECAP amplitude is continually measured and compared against the target. Thus, the input current on each pulse is automatically adjusted in a proportional fashion using a feedback algorithm, which maintains the ECAP amplitude at the patient's preferred "target." The conclusions that can be drawn from this report are limited by both the fact that the study did not employ a control group, and that the follow-up period is only six-months. A report of the longterm outcomes is planned, and preliminary data from early-enrolled subjects indicates that the trends reported here are durable. Further, the Evoke SCS system is currently being evaluated in a randomized, controlled, double-blind study in the United States. This study evaluates stimulation-na€ ıve patients randomized and blinded to either conventional SCS or SCS with feedback (i.e., closed-loop SCS), with the primary endpoint being the percentage of patients with a reduction in pain of 50% with no increase in pain medication usage (clinicaltrials.gov ID #: NCT02924129).
Subjects receiving feedback control stimulation afforded by this SCS system experienced excellent pain relief and associated outcomes. Because the amplitude of each stimulation pulse is automatically adjusted based on the neural recruitment target, it is highly likely that the overall pain coverage, i.e., tolerable paresthesias or absence of pain in the location of reported pain, remains within an optimal range for each subject. Maintaining the recruitment levels, or dose, within the therapeutic window is important for achieving therapeutic levels of stimulation as well as for avoiding the discomfort of over-stimulation and the cessation of therapy due to understimulation (14, 15) . Closed-loop feedback SCS results in more time spent with amplitudes maintained within the therapeutic window than standard open-loop SCS (12) .
In open-loop, conventional SCS systems, physiological changes such as heartbeat, respiration, and CSF flow, along with postural changes result in increased stimulation intensity as well as recruitment of nociceptors and potentially dorsal roots leading to aversive sensations. A key advantage of the closed-loop feedback-based SCS system may be its prevention or limitation of stimulation amplitudes reaching the high levels required to recruit Ab nociceptors. This may result in a more comfortable therapy and may have an overall modulating effect on the frequency-based central sensitization by avoiding recruitment of the nociceptive pathways. Further study is required to better understand the neurophysiology of the nerve fibers affected by SCS.
CONCLUSIONS
ECAPs are a directly quantifiable measure of the response of nerve fibers to stimulation that can be used to maintain stimulation intensity within a therapeutic range of programming parameters that have the highest likelihood of achieving pain relief. In this study, stimulation with a closed-loop feedback SCS system employing realtime ECAP assessment resulted in profound pain relief and reduction in associated symptoms. The exact mechanism of action for these outcomes is still being explored; however, a key potential component of this mechanism may involve the Ab nociceptor. The outcomes observed in this study could likely be the result of the closed-loop system maintaining stimulation dosage at therapeutic levels. Further study is required to confirm that the improved efficacy is the result of limiting the activation or potential windup of Ab nociceptors in the dorsal column. Further research is required to continue to evaluate the efficacy of this novel therapy as well as elicit more information about the neuropathology of chronic neuropathic pain in the spine and the precise mechanisms of action of spinal cord stimulation. A multicenter, double-blind, randomized controlled trial is currently underway in the United States (clinicaltrials.gov ID #: NCT02924129). tants and employees of a company. There is nothing wrong with that but it needs extra attention. A closed loop spinal cord stimulation system is tested in a not very well selected group of patients with some form of low back pain and sciatica. The closed loop system is supposed to keep the stimulation within a theoretical therapeutic range by adjusting the current amplitude. Some information is give about the mode of stimulation (frequency, pulse wave, average amplitude) produced by the Evoke pulse generator. Two 12 electrode leads should be implanted. One lead is implanted only to record the evoked compound action potentials; this is a disadvantage of this system.
The primary purpose of this clinical study was to show the feasibility of using a closed-loop SCS system for the treatment of back and/or leg pain. The results of this study demonstrate that closed-loop SCS system might be one of the treatment options in selected patients in the future. However, we have to wait for long-term observation with this system.
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